SUMMARY: ITB pumps are widely used in the treatment of intractable spasticity for many clinical indications, including cerebral palsy and spinal cord injury. High-dose intrathecal administration places the patient at significant risk for withdrawal in the event of device malfunction, necessitating rapid and complete evaluation of the pump-catheter system. This article reviews the approach to imaging evaluation of ITB pump-catheter systems, with specific emphasis on radiography, fluoroscopy, CT, and nuclear scintigraphy.
I
TB therapy, first described in 1984 by Penn and Kroin 1 for the treatment of spinal cordϪorigin spasticity, involves continuous delivery of baclofen directly to the pharmacologic site of action in the spinal cord, improving muscle spasm control without the dose-limiting drowsiness associated with high-dose systemic administration of this medication. Dralle et al 2 further explored ITB for the treatment of cerebral-origin spasticity in 1985. Since then, implantable intrathecal baclofen delivery systems have been used for multiple indications, including cerebral palsy, 3, 4 spinal cord injury, traumatic or hypoxic-anoxic brain injury, 5, 6 multiple sclerosis, 7 and stroke. 8 Aside from these more common indications, ITB has also been used in a variety of less common conditions in which spasticity can be a significant feature, including transverse myelitis, amyotropic lateral sclerosis, brain and spinal cord tumors, 9 Huntington disease, and holoprosencephaly, 10, 11 among others. It has also been used in the treatment of generalized dystonia. [12] [13] [14] The delivery devices for ITB therapy, the subject of this review, are implantable and programmable (subcutaneous) pump reservoirs with tunneled catheters extending into the spinal canal for continuous delivery of baclofen into the intrathecal space. This allows the drug to be concentrated in receptors that are just under the surface of the spinal cord at different spinal cord levels, depending on the location of the catheter tip. 15, 16 Despite continued advancements in manufacturing and surgical technique, ITB device-related complications are still relatively common and can result in a potentially critical withdrawal syndrome. In the event of suspected pump malfunction, radiologic assessment of the delivery system (pump and associated catheter) is an important adjunct to the clinical evaluation for identifying a cause of system malfunction and the possible necessity for surgical revision. This article reviews imaging techniques for anatomic and functional assessment of ITB pump systems, including plain radiography and nuclear scintigraphy as well as fluoroscopy and CT performed during/after contrast injection into the pump-catheter system. Immediate postsurgical complications are not reviewed.
Background

Baclofen
Spasticity, a common result of upper motor neuron injury, is thought to result, in part, from inadequate release of the inhibitory neurotransmitter GABA in the dorsal horn regions of the spinal cord, where upper motor neurons modulate lower motor neuron monosynaptic and polysynaptic reflex arcs (by GABA-mediated inhibition). The unchecked excitatory neurotransmitter (eg, glutamate) then leads to spasticity. Baclofen (4-amino-3 [p-chlorophenyl] butyric acid) is a structural analog to GABA that binds pre-and postsynaptic GABA B receptors in the central nervous system, mimicking the synaptic inhibitory effects of GABA by blocking calcium influx. This inhibitory effect decreases muscle tone and suppresses muscle spasm. 17, 18 Intrathecal administration of baclofen exhibits pharmacologic action selective for the spinal cord, 19, 20 because the subarachnoid concentration of intrathecally injected baclofen diminishes in the cranial direction along the neuraxis, with a lumbar/cisternal ratio of approximately 4:1.
21
Dosing can be titrated to maximize muscle spasm control while minimizing systemic side effects.
22
Pump Characteristics ITB is delivered by a programmable pump surgically implanted in the wall of the anterolateral abdomen that gives rise to a silicone rubber catheter that is tunneled subcutaneously around the patient's side to the midline lower back where it extends anteriorly to the spinal canal to enter the intrathecal compartment at the midlumbar level (Fig 1) . The final location (ie, spinal level) of the catheter tip in the thecal sac is dependent on the clinical indication for the pump (see below). The pumps used at our institution are the SynchroMed II and SynchroMed EL (Medtronic, Minneapolis, Minnesota), which are disk-shaped and made of titanium, approximately 3 inches in diameter and 1 inch thick (Figs 2 and 3 ). They have a central port for percutaneous drug administration into a reservoir as well as a peripheral accessory catheter-access port for diagnostic troubleshooting. Placement of the catheter tip itself, after it has been introduced into the CSF space via a pos-terior midline approach (see above) (a paramedian oblique approach to the spine for the insertion of the catheter has also been reported 23 ), depends on the treatment indication. Placement of the tip of the intrathecal catheter at the T1-2 level for spastic quadriplegia, the T6 -10 level for spastic diplegia, and in the midcervical region for dystonia has been suggested, 24 though techniques vary. 13 The typical SynchroMed pump battery life is 5-7 years. 22 Despite continuing evolution in pump technology and implantation techniques, complications and pump malfunctions still occur.
Pump Malfunction
Baclofen "withdrawal" syndrome is a potentially life-threatening event characterized by fever, hallucinations, and rebound spasticity as well as autonomic instability, mental status changes, seizure, and rhabdomyolysis in more severe cases. [25] [26] [27] The symptoms can overlap other life-threatening clinical scenarios, including sepsis, intracerebral hemorrhage, seizure, and drug toxicity, placing a premium on the rapid identification and correction of baclofen withdrawal to appropriately guide patient care. Disruption/malfunction of the pump-catheter system is a common cause of baclofen withdrawal and can result in a spectrum of symptoms, from simple worsening of a patient's spasticity to, in the event of abrupt cessation of intrathecal baclofen delivery, fulminant withdrawal symptoms resembling neuroleptic malignant syndrome. 25 Reported rates of ITB pump-catheter system complications have varied because there is a great deal of diversity with respect to patient follow-up intervals and treatment indications. 7, 10, 11, [28] [29] [30] Long-term follow-up studies have suggested an approximately 37%-55% rate of pump and/or catheter malfunction. 7, 29, 31 The most common complications are catheter-related, occurring in Յ40% of patients with ITB pumps. 7, 31 Rates as low as 4%, however, have also been reported in 1-year follow-up. Catheter-related complications include disconnection from the pump (6%-10%); leak resulting from breakage, cut, or puncture (5%-16%); catheter-tip migration, dislocation, or dislodgment (3%-11%); and kink or occlusion of the catheter (2%-20%). 7, 10, [28] [29] [30] [31] [32] Pump malfunction occurs in Յ14% of patients, 7,31 though some reports have described significantly lower rates.
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Pump-related complications include rotor malfunction, reservoir depletion, programming/software malfunctions, 33, 34 and frank baclofen leakage from the pump, which can lead to subcutaneous fluid collection. 28 Complications occur more frequently in children 22, 24, 35 and have been reported to be reduced when the pump is placed subfascially in that patient group. 23 In the event of suspected pump malfunction, Bardutzky et al 33 suggest the following diagnostic algorithm for determining the cause of the malfunction: First, check the pump programming and reservoir status by interrogating the appropriate pump hardware and software. Second, obtain AP and lateral abdominal radiographs, which can be useful in identifying catheter dislodgment or disconnection. 36 Radiographs should also be obtained with a programmed 90°(SynchroMed EL) or 120°(SynchroMed II) angular rotation to exclude rotor dysfunction-the so-called "rotor test" for the SynchroMed EL device or the "roller study" for the SynchroMed II system (see below). 33, 34 In the event of overt withdrawal symptoms, a bolus dose of baclofen should be programmed or given via lumbar puncture. Finally, intrathecally approved (eg, myelographic) contrast material (such as Omnipaque 180 mg%, iohexol; GE Healthcare, Milwaukee, Wisconsin) can be injected through the accessory pump port to identify leaks, though the utility of contrast injection has been disputed. 37 Injection of contrast into the catheter via the accessory pump port should always be preceded by aspiration of 2-3 mL of fluid from the accessory pump port (which will clear any residual baclofen from the accessory port and the catheter) to avoid acute baclofen overdose. In addition to this approach, CT scanning and radioisotopic evaluations can be performed for more detailed evaluation.
Imaging Evaluation
Radiography and Fluoroscopy
There is a paucity of evidence directly evaluating the ability of plain films alone to reliably identify pump-and catheter-related complications necessitating surgical revision. Nevertheless, several of the most common complications, including catheter-related problems such as kinking (Fig 4) , migration, discontinuity (Fig 5) , and other more obvious dislodgments, can often be identified by plain films. For this reason, plain radiography is typically the initial approach to imaging evaluation of suspected pump-catheter system malfunction. Information with respect to intrinsic pump function (eg, pump rotor/roller function) can also be obtained if radiographs are performed both before and after a programmed rotation of the rotor. An angular rotation of 90°or 120°is expected for the SynchroMed EL and SynchroMed II devices, respectively. Failure to observe rotor or roller movement usually indicates a rotor/roller malfunction, but occlusion of the catheter (eg, by a catheter kink) can also cause a rotor/roller stall. Exposure to an external magnetic field as with MR imaging can also affect rotor/roller motion (though the rotor should spontaneously restart once the magnetic field is removed). 34 The combination of a standard abdominal radiograph, AP and lateral lumbar spine radiographs, and an AP thoracic spine radiograph usually fully visualizes the entire pump and catheter system, 34 though proper imaging technique is crucial 
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with respect to these plain radiographs to assess the entire subcutaneous course of the tunneled catheter. Plain films can be inconclusive, however, because simple anatomic visualization of the catheter and pump fails to provide information about catheter patency, occlusion, 38 or leaks. Fluoroscopic studies are the next step if plain films are not diagnostic. As mentioned above, 2-3 mL of fluid should first be aspirated from the accessory port to avoid rapidly delivering the residual catheter baclofen to the patient during contrast injection, which can cause a life-threatening baclofen overdose. 39 If CSF is successfully aspirated and the patient's symptoms are relatively mild, programming an intrathecal baclofen bolus through the pump-catheter system as a therapeutic trial is reasonable. 34 If the patient's symptoms are severe or there is no response to a baclofen bolus, fluoroscopy during contrast injection through the accessory port is indicated. Disconnection of the catheter from the pump (Fig 6) , macroscopic perforations (Fig 7) and leaks (Fig 8) , as well as catheter-tip dislodgments or migration can sometimes be visualized during such injection studies when plain films are unrevealing. Viewing the injected catheter under fluoroscopy during positional changes of the patient can also be beneficial if there is any historical suggestion that symptoms are position-dependent (ie, spasticity is more pronounced when the patient has been supine for a prolonged period of time, etc).
There are several limitations to fluoroscopy, and a high false-negative rate has been suggested. In particular, there can be a limited ability to detect catheter-tip loculations, catheter migrations, microscopic perforations/leaks, and some larger leaks. 34, 37 It is also important to check behind the pump for contrast accumulation because collections in this space can be missed. Injection of contrast into the pump reservoir for evaluation of pump function is usually not helpful due to the di- lutional ratio and slow infusion rate of the system. 37 ,38 CT appears to be more sensitive than fluoroscopy in identifying some of these abnormalities (see below).
CT
To our knowledge, there is scant literature regarding the use of CT in the evaluation of ITB pump malfunction. Our institutional experience, however, suggests that CT-particularly postcontrast (ie, postinjection of contrast material through the accessory pump port) CT-can be a useful adjunct to fluoroscopy performed during contrast injection for improved identification and characterization of leaks and fluid collections (Figs 8 -10) . 40 Cross-sectional imaging can also aid in visualizing the location of the catheter tip in the spinal canal Fig 5. AP (A) and lateral (B ) radiographs demonstrating a discontinuous segment of the catheter, with broken catheter ends in the subcutaneous tissue of the lower back (white arrow) and the spinal canal (yellow arrow ).
Fig 6.
A, Initial fluoroscopic spot image (A) demonstrating disconnection at the pump connector (arrow ). B, A small amount of contrast extravasation (yellow arrow) is seen after injection of contrast via the catheter-access port (fluoroscopic spot image). C, A lateral fluoroscopic spot image better demonstrates contrast extravasation at the connector (yellow arrow ) and reveals a collection of pooled contrast (yellow outline ) posterior to the pump. D and E, Photographs demonstrate the disconnection at the connector after surgical explantation.
(ie, within the intrathecal sac) when plain film findings are equivocal (Fig 11) . 34, 41 Two-to-three milliliters of myelographic contrast agent can be injected through the accessory pump port (after successful CSF aspiration) and should be performed while the patient is on the CT table to ensure that the contrast is not overdiluted in the CSF when the images are acquired. 34 At our institution, we inject as much as 5-10 mL of thecal sacϪcompatible contrast material while observing the entire pump-catheter system fluoroscopically and then immediately obtain a CT scan of any areas of concern. Dependent layering of contrast material in the IT space adjacent to the catheter tip suggests a normal study finding. Contrast collection in the subcutaneous, subdural, or epidural spaces suggests leak or tip migration. Limited accumulation of contrast material near the catheter tip with the contrast not appropriately layering in the IT space may suggest focal loculations within the subarachnoid space in the region of the catheter tip. 34 
Nuclear Scintigraphy
Radionuclide flow studies of the ITB delivery system may be indicated if a more complete functional evaluation of the device is warranted or if prior imaging findings are inconclusive. The injection of radioisotopes into the pump reservoir allows the pump system to be evaluated in its native state of infusion. 111 In DTPA is typically the preferred radiopharmaceutical due to its long half-life, which allows radioactivity to be monitored for Յ7 days as it travels through the catheter and into the subarachnoid space. 38 111 In DTPA is injected at a dose of 0.5-0.6 mCi into the reservoir without interrupting the delivery of baclofen, 38, 42, 43 or the reservoir can be emptied and refilled with radiopharmaceutical solution. 37 The ideal methodologic approach for scintigraphic evaluation of suspected ITB pump malfunction still remains relatively undefined, as do the normal flow patterns and diagnostic criteria for abnormal study findings. 38 In a series of 23 studies on 19 patients, Stinchon et al 43 defined a normally functioning pump as one for which radioactivity was observed in the subarachnoid space by 72 hours. Lack of radioactivity distal to the pump reservoir suggested mechanical failure or disruption in the pump-catheter connection and indicated the need for a simple pump rotor test if it had not already been performed. Radioactivity reaching a point in the catheter but not progressing to the subarachnoid space was suggestive of a catheter kink or occlusion (suggesting the need for surgery) (Fig 12) , while radiopharmaceutical accumulation at the site of occlusion was indicative of a leak.
The normal transit time to the basal cisterns (ie, the subarachnoid space at the base of the brain) continues to be a subject of controversy, but most authors agree that radioactivity should be observed in the basal cisterns of the brain within 48 -72 hours of radiopharmaceutical injection in a normally functioning pump system. 34, [42] [43] [44] As with some of the other techniques of ITB pump evaluation, scintigraphy has limited sensitivity for identifying the exact cause of system failure. Specifically, scintigraphy poorly differentiates intrinsic pump malfunction from high-grade obstruction blocking egress of baclofen from the pump, poorly delineates the specific causes of catheter obstruction, and poorly delineates catheter microfractures. 43 
Future Directions
Despite expanding use of ITB pumps, device-related complications continue to be relatively common. As the population with implanted ITB pumps ages and pumps are placed in increasingly disabled patients, the complexity of imaging evaluation can be expected to increase in parallel with difficulties in the surgical placement and/or revision of these systems. Furthermore, as the duration of ITB therapy increases and patients are re-evaluated in long-term follow-up, novel complications related to chronic ITB use may be recognized. Advanced functional and cross-sectional imaging techniques can be expected to be increasingly used for better characterization of complex pump-and catheter-related malfunctions. Inflammatory masses or granulomas at the catheter tip, for example, though more commonly seen with chronic opiate infusions, have been described with ITB infusion alone 45 and appear to be best identified and characterized by T2-weighted MR imaging, with post-catheter-injection or postmyelography CT as an imaging option. In patients receiving combined opiate and baclofen infusion, the risk of developing a granuloma with chronic infusion can be expected to be higher. The use of MR imaging, which is not contraindicated for patients with ITB pumps, requires further evaluation for use in the setting of possible pump malfunction with a catheter-tip region lesion suspected of causing an obstruction. With respect to advancing nuclear medicine techniques, O'Connell et al 44 published a case report using Tc99m DTPA for evaluation of suspected ITB pump malfunction, suggesting that complete evaluation of pump function and catheter patency could be conducted in 1 hour with superior image quality, though the In DTPA into the medication reservoir reveals nonpatency of the catheter system with no intrathecal contrast visualized. The area of photopenia represents the position of the pump (yellow outline). Radioactivity within the pump represents the medication reservoir (blue outline). Radiopharmaceutical is observed within the proximal catheter (red dotted line) and ends abruptly (red arrow ). Note that the etiology of the nonpatency of the catheter cannot be determined from this study.
pump reservoir had to be first emptied with their technique. Scintigraphy with Tc99m DTPA still requires further evaluation to establish its utility for ITB pump evaluation.
Conclusions
Use of intrathecal baclofen therapy is becoming increasingly more widespread, and device-related malfunctions are common and can lead to life-threatening symptoms due to acute baclofen withdrawal. For evaluation of suspected pump-catheter dysfunction, plain radiography of the pump-catheter system and a programmed pump rotor/roller evaluation are the first imaging tests that should be performed, though it is recognized that these tests fail to evaluate catheter patency, occlusion, or leaks not associated with catheter discontinuities. Contrast injection through the pump-catheter system under fluoroscopy can identify many catheter-related complications but still can miss microscopic catheter perforations/leaks, catheter-tip loculations, or local catheter-tip migrations. CT performed during/after such contrast material injection appears to be a more sensitive test to identify and characterize such complications. Radionuclide studies are also helpful to evaluate pump function, catheter disconnections, occlusions, and leaks, but they are relatively insensitive to the exact cause of the pump-catheter system malfunction in any 1 case and are also expensive and can require Ն2-3 days for a complete evaluation. Future possible imaging techniques for evaluation of these patients may include MR imaging for identifying catheter-tip granulomas.
Increasingly severe patient disability and chronicity of ITB use may necessitate more combined-technique approaches to the evaluation of ITB pump systems in the future, and costeffective imaging triage algorithms will need to be refined as chronic complications are better characterized.
